We report self-assembly of periodic surface structures in a commercial block copolymer (BCP) (Filofocon A) upon irradiation with a few tens of excimer laser pulses (20 ns, 193 nm) at fluences above the ablation threshold. This new type of structures is characterized by much larger periods than those characteristic for Laser-Induced Periodic Surface Structures (LIPSS) and features nanochains instead of ripples. We find a period of 790 nm at 400 mJ/cm 2 , scaling linearly with laser fluence up to a maximum of 1.0 lm. While an entangled random network of nanochains is produced for normal-incidence and non-polarized light, nanochain alignment can be achieved either by irradiation at an angle or by using linearly polarized light, forming a lamella-like structure. In both cases, the nanochains are aligned parallel to the penetrating polarization orientation and their period does not show a dependence on the angle of incidence, as opposed to the general behavior of standard LIPSS. Also, our results show that the chains are not formed by frozen capillary waves. In contrast, we show analogies of the nanochains produced to lamellar structures fabricated on a smaller scale in other BCP. We discuss the origin of the self-assembly process in terms of a combination of chemical (BCP), optical (surface scattering), and thermal (melting, coarsening, and ablation) effects. V C 2013 AIP Publishing LLC.
I. INTRODUCTION
Self-assembly of nano-or micrometer-sized objects to form regular, periodic extended structures is a bottom-up technique for nanopatterning, inspired by nature. 1, 2 It is a powerful technology competing with top-down approaches such as lithography, in which a pattern is designed and imprinted by photons, electrons, or ions. When using lasers for patterning, both technologies can be employed. In photolithography (top-down), masks are exposed by a UV laser and projected onto the material to be structured, covered by photoresist, which is then developed and etched. Alternatively, extended periodic structures can be fabricated by means of homogeneous laser irradiation, producing socalled Laser-Induced Periodic Surface Structures (LIPSS) in a mask-free, single-step process that may be considered as bottom-up approach. LIPSS have been discovered already 50 years ago 3 and have been observed since in semiconductors and metals 4 and as well as in dielectrics, both inorganic 5 and polymers. 6, 7 The generally accepted view on the formation mechanism of LIPSS is that the incident laser light interferes with a wave scattered off the sample surface, initially produced by the natural surface roughness and after several pulses due to the gradual formation of LIPSS. The interference causes a modulated intensity distribution, which is imprinted into the material. The model developed by Sipe and coworkers 8 describes this mechanism and allows predicting the behavior for different materials and different experimental conditions taking into account the complex refractive index of the material. An essential extension of the Sipe model was developed by Bonse and co-workers, 9 who took into account the transient complex refractive index of the material during laser irradiation, which strongly differs from the steady-state refractive index due to the formation of a dense electron-hole plasma in the conduction band of the solid. A multitude of experimental results observed by several groups that deviated from the Sipe model could be explained with this modification. Young et al. reported also a different kind of surface structure formed in the high fluence regime. In the third paper of their exhaustive study of LIPSS in semiconductors and metals, they investigate the behavior of LIPSS in different fluence regimes. 10 The authors classify the structures in different regimes, with regime A being the standard LIPSS type at low fluence, regime D being the structures formed in the high fluence regime having experienced the homogeneous melting of surface layer, in which capillary waves are formed that subsequently frozen upon solidification, and regimes B and C being intermediate types.
We report the formation and self-assembly of periodic surface structures in a copolymer upon irradiation with an excimer laser at k ¼ 193 nm, which cannot be explained by any of the different types of the Sipe-model nor by its extension (taking into account the properties of the excited material). Three key features of these structures differ from LIPSS formed in regime A, which suggests the presence of a different formation mechanism: First, the appearance is strikingly different featuring self-assembled nanochains instead of ripples, and they can also form a random network; second, the period is much larger than the laser wavelength and does not depend on the angle of incidence; and third, the nanochains are formed only at fluences well above the ablation threshold, with melting only not being a sufficient condition. We investigate in the present paper the formation of the nanochains structure as a function of laser fluence, angle of incidence, polarization and number of laser pulses and discuss the formation mechanism.
II. EXPERIMENTAL
The copolymer sample used was Filofocon A (hydro-2), which is a commercial material (Innovision, Inc., Omaha, NE), used to manufacture rigid gas permeable contact lenses. It has also been used successfully as a test material for refractive surgery models upon excimer laser irradiation.
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Although the exact composition has not been disclosed, it is a poly-fluoro-silicone-acrylate with a structure composed of five copolymer blocks. 12 It also contains a cross-linking agent and a wetting agent. The polymer can be classified as a cross-linked block copolymer (BCP), with a molecular weight of 109.96 and a glass transition temperature of 107 C. For comparison, we have studied the behaviour of a homopolymer; transparent extruded poly(methyl methacrylate) (PMMA, Horniplas, Vitoria-Gasteiz, Spain), whose ablation behavior upon irradiation with excimer laser pulses has been studied by many groups.
11,13-15 PMMA was chosen since its ablation behavior at the laser wavelength (193 nm) is relatively similar to that of the copolymer in terms of ablation rate and threshold fluence, as reported in Ref. 11 . Both samples are circular slabs (1 cm diameter, 3 mm thickness) cut from long bars and polished to optical quality.
For irradiation, we used an ArF excimer laser (LPF200, Lambda Physik, G€ ottingen, Germany) delivering laser pulses at k ¼ 193 nm and 20 ns pulse duration. The laser fluence was continuously adjusted by rotating a coated fused silica window inserted into the beam path, whose transmission depended strongly on the angle of incidence. The laser was operated typically at a repetition rate of 1 Hz in order to avoid remains of the expanding ablation plume to shield the sample from the next incident pulse. 16 We have verified though experimentally that the repetition rate does not change the period, alignment, or topography of the surface structures induced within the maximum repetition rate achievable for our laser (20 Hz) .
The beam profile incident on the sample was designed to be top-hat by using an imaging setup. 11 The latter consisted of a fused silica biconvex lens (focal length ¼ 90 mm at 193 nm wavelength) that imaged a 4.5-mm diameter circular aperture, inserted into the beam path 2 m after the laser output, precisely onto the sample surface. The exact z-position of the sample (image plane of the circular aperture plane) was adjusted until sharp edges could be observed on the ablation spot borders. Absolute pulse energy measurements were performed using a calibrated pyroelectric energy detector (Gentec ED 100A). The corresponding laser fluences were calculated by dividing the laser pulse energy by the ablated area and, thus, represent average fluence values.
While most experiments were performed in air with this configuration, providing non-polarized light, some experiments were performed with a modified setup providing linearly polarized light, following the concept used in Refs. 6 and 7. Briefly, the excimer laser beam was polarized by inserting a fused silica prism at Brewster angle in the beam path and selecting the reflected light for irradiation. This configuration eliminates the horizontal polarization components and provides a strongly (although not completely) vertically polarized beam for irradiation. The sample was mounted on a manually controlled x-y-z stage with additional control of the angle of incidence h.
Sample inspection and characterization were performed with an optical microscope (Nikon Eclipse Ti-E) in reflection, using a 100Â dry objective lens with a numerical aperture of 0.9 and a blue LED illumination source centered at 460 nm wavelength. The nominal spatial resolution of this system is 310 nm, which is sufficient to identify the periodic structures generated by laser irradiation. In order to obtain high resolution topographic images, we have performed atomic force microscopy measurements on selected regions, using two different systems. The results shown in Figures 1 and 5 have been obtained using an AIST-NT AFM in semicontact mode, whereas for the results displayed in Figure  7 (a) Veeco Nanoscope IIIA Multimode in tapping mode has been used.
III. RESULTS AND DISCUSSION
We discovered the formation of nanochains accidentally during a comparative study of the ablation behaviour of Filofocon A and PMMA upon excimer laser irradiation, assessing their suitability as test materials for refractive surgery models. ). The corresponding topography image displayed in Fig. 1 (a) was acquired in the center of the ablation spot and shows already the initial stage of a periodic surface structure, featuring agglomerated nanochains with a typical width of 300 nm. The chains appear to be aligned linearly along several directions. We have confirmed experimentally that the initial orientation of the chains after irradiation with one pulse is strongly influenced by pre-existing scratches on the polished sample surface. As in the case of standard LIPSS, also here the surface roughness plays an important role in the ripple formation as it provides the source of the scattering field. 4, 8 After exposure to five pulses, the surface topography has changed notably (cf. Fig. 1(b) ). The individual nanochains of 300 nm width have begun to self-assemble into pairs and form a long, entangled random network of double nanochains. The self-assembly continues upon irradiation with more pulses as can be seen in Figs. 1(c) and 1(d), showing the topography after 10 and 30 pulses, respectively. In the last case (30 pulses), each pair of nanochains has almost completely merged into a single chain of 500 nm in diameter with lengths up to tens of micrometer.
In order to demonstrate that this surface structure is specific to the copolymer used, we have performed the same experiment in PMMA which has a single pulse ablation threshold of F a ¼ 280 mJ/cm 2 (Ref. 11). Figure 1 (e) reveals the absence of a surface structure, featuring only randomly distributed droplets as sub-micron features. The astonishing length of the chains in Filofocon A and the homogeneous extension of the self-assembled, complex surface structure with a narrow size distribution are demonstrated in Fig. 1(f) providing optical micrographs. We have checked carefully that there is no intrinsic microstructure in the unexposed copolymer. This fact can be seen in the upper part of Fig. 1(f) , showing a comparable appearance with low surface roughness of both polymers.
It is worth emphasizing that the chain structure is formed at the crater bottom of the Filofocon A sample. In Ref. 11 , we have reported a detailed comparison of the ablation behaviour of both materials. The ablation rate was measured at different fluences and increasing number of laser pulses. At 400 mJ/cm 2 , the ablation rate of Filofocon A was found to be constant at (430 6 30) nm/pulse for pulse numbers from 2 up to at least 100. 17 This value is slightly higher than the thickness of a single chain (%300 nm), as can be seen in the depth scale in Fig. 1 . It is, therefore, surprising that the structure is not erased by the ablation process. We attribute this behavior to the particular ablation mechanism of polymers upon irradiation with UV light, leading to efficient material removal with reduced thermal damage by directly breaking main chain bonds. 18 However, as pointed out by Dyer, 19 thermal effects cannot be neglected and will contribute to the decomposition of the polymer. In this context, it is worth noting that the linear absorption coefficient a of Filofocon A (35 700 cm
À1
) is ten times higher than that of PMMA (3800 cm
). 11 As a consequence, the characteristic cooling time s c of the hot/molten surface is 100 times shorter, since s c ¼ 1/(Da 2 ), with D being the thermal diffusivity. 19 For polymers typically D % 1 Â 10 À3 cm 2 /s, which yields s c ¼ 0.78 ls for Filofocon A and s c ¼ 70 ls for PMMA. Moreover, the optical penetration depth (L opt ¼ 1/a) is ten times shorter for Filofocon A (L opt ¼ 280 nm). As a consequence, both the time spent at high temperature and the thickness of the heated/molten layer is reduced for Filofocon A. The resulting reduced thermal damage, which is confined to a thin layer, likely leads to the observed "layer-by-layer" ablation of Filofocon A, which is still capable of propagating the chain structure to the underlying layer. While this certainly contributes to the formation of a defined surface structure, it does not explain its peculiar shape, which is very different from LIPSS formed in regimes A-D of Young and co-workers. 8 In order to investigate the underlying mechanisms triggering to the formation of the complex network of entangled nanochains in Filofocon A, we have performed a systematic study of the evolution of the structure upon changing the irradiation conditions. Fig. 2 shows optical micrographs of the structures formed upon irradiation with 20 pulses at 400 mJ/cm 2 at different angles of incidence h. The structure formed at h ¼ 0 ( Fig. 2(a) ) is a randomly aligned network of nanochains. We have performed a two-dimensional Fast Fourier Transform (FFT) of the image in order to visualize and quantify the periodicity and orientation of the chains. The inset in Fig. 2(a) shows the resulting spectrum of spatial frequencies, featuring a pronounced narrow ring (bright yellow), corresponding to the period of the chains. By changing the angle of incidence to h ¼ 20 , the chains become aligned parallel to the plane of incidence (horizontal), as can be seen in Fig. 2(b) , now forming a lamella-like structure. This behavior is also observed for larger angles, as shown in Figs. 
2(c) and 2(d) for h ¼ 40
and h ¼ 60 , respectively. This preferential alignment can be also seen in the corresponding FFT images shown in the insets, featuring isolated peaks as opposed to a ring, which shows that the orientation angle distribution narrows as the angle of incidence increases. The weak second-order peak in the FFT images, particularly at h ¼ 60 , indicates that that the ratio lamella/space is uneven and deviates from a sinusoidal gray-tone distribution here.
We can extract two conclusions from this behavior. First, the alignment of chains into a lamella-like structure can be controlled optically, which is not only important for applications but also sheds light on the origin of the chain/lamellae formation as will be discussed later. Second, the alignment is directly related to the light polarization. At h ¼ 0 , all components of the unpolarized laser light are absorbed in the same way. At larger angles h, the in-plane ppolarized component of the light is absorbed preferentially, whereas the s-polarized component is mostly reflected. This is confirmed by the calculation of the Fresnel reflectivity of the non-processed polymer surface as a function of the angle of incidence as displayed in Fig. 2(e) . At the Brewster angle (58. 3 ), very close to our experimental situation of h ¼ 60 , the p-polarized component is absorbed completely and the spolarized component reflected very efficiently. This explains the narrow angle distribution obtained for h ¼ 60 , as can be seen by the narrow horizontal width of the first order of the spatial FFT (cf. Fig. 2(d) ). In order to verify this interpretation of the influence of the polarization, we have performed an experiment with linear polarized light (mainly vertical, although not completely; see Sec. II) at h ¼ 0 . The result shown in Fig. 2(f) reveals the preferential alignment of the lamellae parallel to the laser beam polarization axis, which confirms the interpretation made for the angle dependence that the lamellar alignment is governed by the penetrating polarization component. It is worth noting that c-type LIPSS found in a few selected materials 4 also have an orientation of the ripples parallel to the polarization. However, as opposed to our periodic structures, c-type LIPSS are only observed at very high angles (>35 ) and never at normal incidence.
Moreover, sometimes LIPSS oriented parallel to the polarization were observed on polymers 20, 21 and low-index inorganic dielectric materials such as silica. 22 But always the observed LIPSS structures have spatial periods close to the laser wavelength k or k/n (n: refractive index) for irradiation at normal incidence, which is clearly not the case here.
Most similar to our lamellae, Niino and Yabe 23 observed periodic surface structures on polyethersulfone (PES) and polyarylsulfone (PAS) upon 308 nm laser irradiation with multiple $20 ns excimer pulses. While they observe comparable periods (between 0.7 and 1.3 lm), the orientation of their structures was perpendicular to laser polarization axis-as opposed to the results presented here.
For the non-polarized laser radiation, we have also studied the progressive lamellae formation at h ¼ 60 as a function of pulse number, as shown in Fig. 3 . After one pulse, an initial chain alignment via interference from direct and scattered light can be observed, leading to a lamella-like structure with vertical orientation, perpendicular to the penetrating polarization (Fig. 3(a) ). This structure rapidly evolves into a mesh-like structure with vertical and horizontal orientation components after three and five pulses (Figs.  3(b) and 3(c) ). After 20 pulses, a well-aligned, lamella-like horizontal structure has been formed, as shown in Fig. 3(d) .
In addition to the studies of the influence of the angle of incidence, polarization, and pulse number, we have investigated the influence of the laser fluence. For this study, we have left the other parameters constant; h ¼ 60 and 20 pulses. Figure 4(a) shows that there is a significant increase in the period of the structure, starting from p ¼ 780 nm at the lowest fluence used (400 mJ/cm 
). In (f), the surface was irradiated by linear polarized polarization (direction indicated by arrow). The insets show 2D-FFTs of the corresponding optical micrographs. In (e), the calculated Fresnel surface reflectivity for s-and p-polarized radiation at 193 nm is shown.
fluence of 400 mJ/cm 2 ), respectively, summarizing the findings reported in Figs. 2 and 3 . Both studies show that there is little influence of these two parameters on the period of the structure, neglecting the data points obtained for very low pulse numbers where the chains/lamellae begin to form. From a practical point of view, we can conclude that these structures can be written reproducibly, homogeneously over a large area with a period that can be selected in the range from 800 nm up to 1 lm, at least.
While this study sheds light on the behaviour and controllability of the lamella-like structure upon changes in the irradiation conditions, its peculiar shape (especially for non-polarized light at normal incidence as shown in Fig. 5(a) ) is not consistent with any known LIPSS type. A similar shape has been observed, though, in other BCP in solution or in the melt, which can self-assemble upon annealing and form socalled lamellae, driven by the repulsive interaction between the monomers of the different blocks. 1, 24, 25 The main difference, however, of the chains/lamellae we observe is their ten times larger diameter (d Filo A ¼ 500 nm), compared to the ones observed in other BCPs, being typically a few tens of nm. Figure 5(b) shows a representative example taken from Ref. 25 , in which the d BCP ¼ 50 nm. This value is the natural lamellar spacing of the specific BCP chosen (poly(styreneblock-methyl methacrylate)) and has a defined period d 0 ¼ pR g , with R g being the gyration radius of the chains. 26 It is a characteristic value for each BCP but never reaches up to values we are observing. However, cross-linking of the chains, as present in our material, may have an impact on the gyration radius of the chains.
Another possible explanation for obtaining such large diameter is that the self-arrangement is not driven by repulsive interaction but by demixing and coarsening found in viscous liquids. Brenier and coworkers studied theoretically the coarsening rates in the demixing process of binary viscous liquids after a temperature quench. 27 In particular, they investigated how the typical length scale of the domains of the demixed system depends on time, a phenomenon called coarsening. Figure 6 (b) displays a result obtained from their model, which has an extraordinary resemblance to our experimental result obtained at h ¼ 0 (Fig. 6(a) ). The authors further find that the length scale increases with time, which would correspond in our case to an increase of the time the irradiated polymer remains in the molten phase. Our experimental results, revealing an increase of the period with laser fluence, do support this prediction since it can be safely assumed that the materials remain longer in the molten phase at higher fluences. It is worth pointing out that the process of coarsening is likely to contribute even if there should be no demixing of the constituents of the copolymer. As reviewed in the book on coarsening by Ratke and Voorhes, 28 also in a single phase system, which is put into a two-phase metastable state, for example, by quenching from a high temperature, a second phase nucleates and grows. Coarsening then occurs, where large particles grow at the expense of small particles.
We have also studied the well aligned, lamella-like structures, obtained by irradiation at h ¼ 60
, with an AFM. Figure 7 illustrates the extraordinary continuity and alignment these structures have, together with their lamella-like aspect. It emerges clearly from these images that these structures cannot be formed by any known LIPSS process, not even by the one reported by Young et al. for LIPSS in the high fluence regime (regime D), in which capillary waves on a molten layer are frozen.
10 Figure 7 also displays the phase shift images 29 of the tapping mode AFM scans, which emphasize the chain-like form of the lamellae but do not provide hints of changes in viscoelasticity, friction, or similar properties. Such changes could show up, for instance, if the copolymer would demix into its constituents and the constituents would have different properties. Yet, the absence of clear features in the phase images does not exclude demixing. And, as mentioned earlier, the coarsening process to which we attribute the formation of chains and lamellae can also occur without demixing.
An open question remains; how exactly does the laser polarization influence the alignment of the lamella. There are studies about optical combing of co-polymers and homopolymers, 30 which achieve alignment of the lamella by raster scanning a cw beam over the sample. These studies are based on the principle that the chemical reaction rates can be enhanced by increasing the light intensity. In our case, we do have a non-homogeneous illumination field with regions of enhanced intensity due to the interference of the direct laser light with the scattered light, which would, in principle, be consistent with this concept. However, the orientation of the modulation of the light field does not coincide with the alignment of the lamella, which is why there has to be additional factors to influence the alignment of the lamella. One possibility is that the light field of the laser interacts with the electric dipole moment of the molecules in a way to influence molecular ordering and packing. 31 Further studies are needed to clarify this aspect.
IV. CONCLUSIONS
We have discovered a new type of surface structure in a copolymer, which progressively self-assembles into nanochains upon laser ablation with a few tens of pulses. The selfassembly can be controlled optically, changing the incident radiation (fluence, number of pulses, incidence angle, polarization). This way, a complex network of entangled long nanochains can be obtained for non-polarized light at normal incidence, or well oriented grating structure with extraordinarily long nanochains for polarized light or angled incidence. The chain period can be tuned from 780 nm to 1.0 lm by increasing the laser fluence and is independent of the angle of incidence or pulse number. The results obtained demonstrate that this type of structure does not belong to any of the different types of LIPSS reported in the literature. The lamella-like structure is very similar to the one found in other block copolymers, although on a ten times longer length scale, which might be due to cross-linking. Additionally, demixing of the copolymer in the molten phase followed by coarsening could favor the formation of nanochains. This approach might pave the way for new, single-step submicron patterning strategies also in other polymers, accessing length scales not accessible by self-assembly of other block copolymers. 
